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Ab Initio Cluster Studies of
La2Cu04

Richard L. Martin

Thcordical Division, MS B26S

Los Alamos National Laboratory

L-OSAlamq NM 87545

1.0 htroductlon

ThediscoveryO( dw firsI high Icmpcmrrc cupmlc supcr-
condwor by Bcdnorz and and Mulkr’ hasSTNJrrCdenor-
mous expcrimcnlal and ihcorc[id =tivhy ahcm@ng 10

cktcrminc [ho“uniqlw” nspccLsof ,hc ckclronic swucu.ut
O( k-se matia.lsz, The straighticward applicauon of b
caJdcnsity-(~crionnJ (I-W) band l.kxy pnx%cu h par-
crucompound IA2CU04 10bc a mcla.1,when it is in facI an
anli-fcnomagrrc(ic insulnlm witi a gap of-2cVi Ixwal
Coulomh inlcmclkms arc ccrrainly a~k hcan of Ihc anu-
fcrromnflnclismand .s0onc goal o(ckcumic slr~:lure
twory hx; Ixcn lo LJCVCIOPsimple modelswhich CapIIXC

t.hc.w cffcc!s andCLUI(hen b cx!cnti 10the infinilc sys-
[cm, AI onc mlr:mc in ihc firsl prinicipks apprwrchcs10

tii~ Imtslcm wc tic ccnmraincd LIX rnchod.s‘“, -11-lCycs~
Scn[iullywc OUIa lmul region or spacewiddn IJWLDF
IXIIMIslrwurt in order 10gcncntc I.hcpararnclcrsfor a

. .

1, J(1. llt*llmr/ unl K.A. Mulhm, Zl%ys, B64, 189(1986).

2. For rmcntreview ICCIligh Tcm~rdwc Sulmrccmductivily,
K S Dmkll, DCdlO, 1)1+ MrlI/m, DPinm, andJR,S~hrief.
frr, A., A&limn Wr~lcy(19YO)

1, M S, ltytrrLWIo M Sutllu[rr, nml N.F,.Ctwblrn.wn, Phyn,
Rev, Y?W. 90 N(I’JH9).

4. AK. McMAmN I F AIIIICII, ml R M. Mwlim Phyn. RCV. B

12, h26R (19W)),

tigh[-binding rndcl including Ihe apprcqxiale Coulorr,b
inlrnc[icnts. ‘T%cIatlu arc dc.u.mlincdby monikming[he
lolal cnagy of h sysWn as a (r,mtion of Lhcchlrgc con-
slm.infd10residewilhin k Icca.1region, AI lhc othercx-
lrcrnc lie first @ci@cs CIW appmachcss6 ‘whose
CSW.MMphilowphy u W h pmm4m charmerizing a
small cluslcr shouldbe bansfemable10h solid snd hrgc-
Iy Wcmninc iu propcti, Ahhough k Icd im.ermions
can bc KU wilh .~reaI~histhtion in this approach,
appmhimal.ionsmuslbe ma& rxmc.cmingthe Ircmmcm0(
dw backgroundused10imtmdh cluskr. MOSIefTorIsuli.
Ii/r a pinlhargc tmkgrourrd fa km marcrinls;an CX.
Inmc.ly difTcrtnl cnvironrrwr[ from Urcmclallic
backgroundof IJWaxrsrmined LDF appmachcs,Thr
‘huh” prmunably lies somcwhcrcbclwccn IJWWIWOCX.
Lrcmcs.

In IF;s pnpcrwc emminc h propcfims13(small clu ,Icr
mwls of I a@C)4. In !Wt,icm2, r,hcMa(knlung/Pnuli
Ixxkgmund p)mntial ud 10Imlxd IJICprimary clus[cr
and lhc basisSCLIu,wd10cxpmd lhc cluslcr wavcfullc[ion

..-—

5, Y, (_hm,J. -M, hngbiI UKJW,A. Chrkl:Id Ill, Scirncc 239,
896 ( Iwln),

6. Ml.. Mulin md P.W, SaEF, Imcm. 1 QUUIIIIIII ~hcm SyIIIp

22, 237 (IWR),

7, Ii. Kw, imura UIt.1 M, ELI, ), PhyI. SW, Japan W, U)53
(Iwo)l
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are discuswd, Section3 prc.senlsthe rcsullsofcalcdahns
on C@6 in which lhe optical absWpLionand tic photoc-
mis~’on spectrumam examined, 7%ccakrdation on CUQ
and our earlier work on kugcrclushxs suggestthat a sin-
gle-band Pa.ris@%rr-Pople (PPP) matel be ckvclnpi.
l%crefore, in Swt.ion 4 IJICPPP model andcxmsions
which rciax the zero-differential-overlap (ZDO) approxi-
mation u~n which il is basedarc reviewed. CaJculahns
on the stalesof Cu#37 necesswy10parametrize the PPP
model are presentedin section 5 andcanpamd with anaJ-
ogaus calculakns for CUQI 1.Scrtion 6 dismssesthe
problemsassociamdwith the dirccl ab initio detenninatkrn
of the anti-fcrrornagneticexchangeinteract.ion,examiw?
he magnitudesof W occupation-dcpendm hoppingand
dirccl exchange interactionswhich ark when lhe ZDO
approximation is relaxed,and provideseslimaleaof the
unccminlics in the pararnclcrsduc 10elaron correlalicm
and @ariz.ation ctTuts MMmcovcrablc with tie present
basisWLSand finite cluslcrs.A com@son of the pafarru-
UXSwith r.lmseextracted from ccmst.raiincdLDF theq
corrclud~ Section 6. Finally, Section7 summarizesthe
conclusionsof this research.

2.0 Computational Details—.. .— -. —.—

TIIC MESA’ suite o(clectronic st.rwure codeswere u-
for all calculations.

2.1 Cluster Backgrwnd

2,1.1 Madelung Contrlbutlon

Tlic point charge Jlcldwhich surrourulsiheC$106cluslcr is
gcrwrwcd by replicating IJWbasic unil picturedinFigure
1, Tlrc p~ilions d the ions corrcqmnd 10thosedelcr-
mincd [or the tcmgonai phaseof 1~l,@lsCu049. Fond
ionic chwgcs of +2,-2, and +3 were awignd toCu, O, and
la, rmpcc[ivcly. NOICthal Ihc ions al Ihe wripheq d IIM
basicCCIIsharedby more lhan UIICCCIIarc representedby
IhC iqtpr(]~iiilc (rac[iwral chargeso hal Ihe total charge in
Ihc Jmsicunil is um.

R, P,W, Smxc,Jill, lIIIgsficld Ill, RI,. Marlin, URJM, Pfi~e.

9, R, J.CWL A. SaIIIum,D.W. Jdmmn,Jr.,ml W*W. RhmJa,
PhyI, Rev.n, 35,n71qlW7).

Various a~ximalions to he Madclung polcntial are
generatedby translating thebasiccell along the 1, j, and
i axes. We deno~ thesebackgrcwndsby the number of
cells in -h d.irccliorr,e.g. he basicCCIIis 111, the ccdJec-
t.ionof ionsoblaincd when it is translati fonvard and
backward wunilaJong1as311, etc.

Tabie I presents the electrostatic pwmial,

(EO 1)

gcncnmedat the alomic sitesin thecemral Cu06 clmter as
a fumtion of increasinglycompl~c background fields.
Also inchsld for comparison in ?bbIe 1 is the Madelung
potential, the sumover tic infinite Iatt.iwo

TABLE 1. Point Charge POIOI.mh at the Nucleus

ml PC2S2 PCSS2 M223 Mxd@Jng

Cu -26.91 .2926 .2 ‘.47 .28.64 .28.62

Oq 22.40 20.14 22.07 20.99 20.98
Ou 23.~ 2032 21.s5 20.22 20,22
La -2634 -2S.67 .26.7$ -28.03 -27.95

~.ml.

A ralha small number of poiruchargespicks up the bulk
of the Madclung pncntiai and genemes a field in thecm
trai region which ~acntially differs by a constantfrom the
exacl Sumto,Much of ~c absoluteerrcwcan b rtmoved
by ratlw small adjustmentsof LIEchargesat the ouw
edge of the ~ini charge flcld. W example, tic aror of
1.15cVat Uwrxntial Cu intho 553 backgroundcantc
climinati by replacing lhc chargesofq=+0,25 on the 8
Cu irns funhcst removed fnnn the cmiginwith chargesof

WQlols ~ ares, st thectmzs of a CUIX, ~ sum.
ciemly distant front theccmtralunii rn that the mndika-
Iion to the *t.ial ises.sdally @t6ricaJly symmetric.
llc relalive cmorsin Ihc ccntml ciusterare thccfore unaf-
fmled, For exnmplc, with this modification, the 553 kk-
ground yields the exact pntentiaial thoCu silt, by hign,
ad errorsof -006, +017, ad 4.02 eV at lhc OC~,O,a,
and 14 sites,rcapctivcly,

The ~inl chargebackground Ulili7~ for lhC ~U06 (“ah.
Mom descritrcd kluw WIM gcJIcraId by a modificmion

.. .- .-a .-

10, N,W. Wintermd R.M. Piucr,
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Compuldbnal Datallo

of he 333 field Six addhionid ions were plaad at posi-

dons(M,,o,o), (O,mpo). and (o,ofi~. llre mitions and
-omPiUlyiIlg CtUU& ~ chosen ~ SSLOmprOdUU lk
MadClungPOWIlid SIah nUCkUS h h @IWY CU06

CIUSLW.In ordcJLOprcscmche Da symrnchy of the &t-
ragonatpb, he constrain~ R,=RY ~ %=qy were im-
posed.In addition, uw conswaintof chargeneuuality
implies ~=-~, l%is kavcs tires parameters%, R., and
R, which can kcdctcnnincd so as to reproduce the Made-
Iung potcmdalsal the lhrec distinct sitesin he prim

YCU06 uni~ This prwedurc yields CL=IO.6, Rm=19.28 ,
and ~= 19.66A. The resulting potentialsarc given in lhe
column Iatdd M333 in lkble 1, where il can beam lhat
k errmrM he La site,which was not included in he fit, is
-0,1 ev.

An analogousprowdure was usd fcuC~Ol 1. In this
CSSC,two of * unitsin Frgure 1 arc combined m form a
doubkd d. Chargesof magnitude- N.SC- placed -6A
from tie ccnlralO of Cu@l ~supplemcmlA 333 bxk-
groundof pinl charges.lM closely reproduces
(N.05cV) he Mrdclung pacntial at all shes in IJWprima.
ry Cu@ll cluster.llc Cu2@ cluster is garcraux! by re-
placing k fouraxial oxygcns of C~Ol I by 2- point
dlargcs.

2,1.2 Paull Rapuldon

In tic courseofcarlier work”, a seriousinackquy In
he bare point chargeIlcld was discoveredfw csmin
skins of lhecluster. In particular, lhe energyof Ihe Cu 4s
and 4p orbids arc plxd much 100 low. This is because
IIWSCraltm diffuw orbiudsfcd !hc wrong au.mtive P
[cntial of lhc CU2+and LI’+ poinr ‘mrgcswithout being
required 10maintainorthogomdity wih W ion COW,For
example, if tic Cued’ ‘“ anion (formaJly Cu’ ‘C?”) is slud-
icd, IJ’ICSCF solulioncwrcsponda m a d9s Iikc CU. asop
po.scd10h d’” Iikc solulicnrone might expecl. Iflhc basis
SC1is augrncnwdwith addi~ionaldiffuses and p fundons
Ihc :ncrgy of his d% Iikc slate is stabilir. even more. A
Iclulcd cffwt acurs in the calculation of he opticalsw-
(n,iIrrd k nc~ (h013’o ch$lc~s1{~ k h)- c~~-
gy charge transfctcxci~lions we pdicti to & 02p ->
Cu4s@in nim.wc,and Ihc mugniludcof the cyical gap is
simililrly .scnsitivcIn augnwnlation of 1% basis,

11, Ht.. Mnllin, l%y~ica tl, /6.;, W3(IWO).

The rwglwl of ti neightmring ion cores is mostapparcn[
in geometriescalculated for dw primary clusler.The opli-
mum cuo bond IemgIJMarcat IMSt O.SA m ~g; IJICal-
mclirmoflk oIo Ihccu*+ @nlchargcisnot

counkhhnccd by the shorI range Fauli repulsion.For
lheaemasons.effective cac potentials have beenused10
rcpreswttthe 4 CU2+and 10 L#+ aim which irnmcdialcly
adjoii the primary clusterof F!gure 1.These arc gcncratcd
fm & free ion using cstablishd techniquca’2. The com-
plclc spccitlcadon of Lhclwkground pmnlid is:vailablc
from he aulhor on requca

2.2 Basia Sets

All calculadonsreported Iwcin used dre effcclivc core
po~ntial and double-zeta quality basis sat dcriwl for Cu
by Hay and Wadl ~z. h ptentiala fold only h ~cl

cm inlo lhe Polemlial;she3s and 3p electronsarccxplicil.
Iy included in he vaknce s~e. l%is modification is quite
imporiant for calculations beyond the SCF kvel. The sum.
dard” Dunning/lfay 3s2p bmaisset was usedfor AC O
amm.

Benchnuk cakulations at b @f-consistcmt-6eld(SCF],
and single and doubledx+dtudon cordlguratiomimeracti.
on(CISD) kvel of appoxirnathm are shown fw sevcmal

rclevanl SISUS d Cu in I’kble 2, The cdurnn Itikd CIS.

WQ) ac@ica the DsvidsonCOITWtiOn’410 eslimalc IIWef-
fmls of unlinked cluster umlributions to h CISD energy,

Of prdcular inwsl are tlw ionization plenlial ~,R) and
electronaffinity (EA.) of Cu2+(d~. lh differencedcthcs
lhe omsitc Coulomb enerBy,or Hubbard U; Ud ❑ E(da) +
E(d’~ - 2E(d~. The calculated Ud is in mtkr goodagree.
rncnlwilh *c expcrimcnLslrcsull (16,7eV calcrlatcd vs.
16.3cV cx@ment), but lhiscomes abcmt,as usual.
Ihroughs Cancellationof errors,The ionization po[cn[ial is
catculmod10be tcmlow by =0.6cV whik Ihe electronaf.
flnity isLOOIargc by -leV, llia sugge~ ● @r corrclatirm
erwrgyof - IcV which is nof raovcrcd with tic prc..cru

——. .—.- . . .. . --—

12. P.J.Nay xrKJW,R, Wsd~J,Gem. Phyo,82,270 (IwH);
W,R. WxchsndPJ. Hsy, J.Chwn,Phys,82,2S4(19U5~P,J,}i~y
andW,R, Wsd~,J.Chrnr. Phym.82,299 (1985).

~3. TN. DmrringsndPJ. HayIrIMod~rnTbrdral (.hmi.r.
fry, edilal by H.F. Schder tll (plenum, Ncw YoIk, 1977), Vol.
Ill,

14, HI. Davidwi xml L).W,Silver,Chcm,PlryI, Ixn, .$2,403
(1977).
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COmpulatlonsl Malls

basissnd Icvcl of cxciration. This cmr is known ~ k pri-
IIUUdy duc to h hk of f-funCtionson Cu.

TABLE 2. Atomic Cu ExcitationEnergies

slal@ 9’% Cm Cisqa) Expi

Cul*(d’O,lS) O.L? 0.0 O.r 0,0’

Cu’*(d%’D) 1!41 2.W 2.97 2.81

b2*(d9,2D) 17.60 19.30 19.38 2039

Cu%d’,’P) 52.63 5534 55.44 57.12

:.P. 35.0 36.0 36.1 36.7

EA. -17.6 .193 -19.4 .20.4

u, 17.4 16.7 16.7 16J

L The lolel ena~ is -194.753343 mu.
b.‘f’helold cna~ is .194871430 kU.

c.l-he lolelena~ is -194.875358a:J.

d. C, E.Moore, ALornicEnergyIXVCIS(’MU. Bur.Smnd.,Wssh.
ingmmD.C.,1952JCirCuhI 467. %1.2 ( 1959).

The & spccicsis na hound in the gasphase.13ird ICSU
of Ihc crrrx inhcrcruin tic one+kcuorr basisactarc Uwe-
forc difllcuh to make. lltc firstcalcukskm rcporkd in Th-
blc 3 conccnuats on WCdatrcm ~ffmily of the oxygen
rrlomin &gas phase.Note that with Urc3s2pbasisu b
CISD ICVCIof approximation,h 0- spcics is rntIevcri
boundrcl.uive100(3P), As is WCIIknown, theaddition of
an additional moredifh~ 02P function” isncccssary10
dcscrib W incrcascdradial cxrcnt of h o~imum O cu-
biuils. ‘llc row labcld 3s3p refers10a basis in which wch
an addilicrnalpfunction (a=O.059) is ridded 10 lhe one.

ckd.ron basis.‘l%isimprovcmcrustabilim O by rmarly
IcV rchuivcLO0(3P), and ii is now boundby -0.fIcV al
rhcCISC3kval. The cxpcrimcnlol binding energyis
I .46cV, and sowe infer Ihal k “’pairccwrcladon crux” nol
movcml by k prc.sm basisWI is of k wdcr of O.%V.
Much of lhc rcmainingcrmr is rccovcrcdwillr l.hcaddition
O(u d.type @ari/ation function.

TABLE 2. AtomicO Excttatbn Energies

Sl,to CISD Clsqo) EIpt

3c2pBuis

O(p’,%’) O.(Y O.d O.(Y 0.0

0 (p’?P) .13 4).4 4.4 L46d

3s3pBuia

O(JJ’,2P) O.(P O.of O.(Y 0.0

0 (JJ’?P) 4.6 0.6 0.7 lA6d

k The LOtalenergy is -74,7S4504 LU.

b. The LMal enagy is -74.813047 ~.u.

c, The mul enagy u -74.814471 ●u.

d. H.Horoperd W.C. breb~~, J, Phys.Chem. Ref. DSU 4,

568( 1975).

e. The lold ena~ is -74.779897 ●u.

f. The rrd ●nergy is -74.853312 mu.

g. ‘f’he kid enagy u .74,857232 ~.u.

TABLE 4. Embaddad O Excitatbn Energies

Slalo ScF

3s2p Besia

&(p@,’s) 0,0

0 Q+?P) 4.6

0 (p’?P) 21.8
I,P, 172
EA. 4.6
up 12.6
3s3pBuia
d.(p~,h) 0,0

0 (~?P) 4.s

o (p’,’P) 21,0

I.P, 173

EA. 4.5

up 12.8

ctBD

0.0
5A

23.4

18.0

5.4

12.6

0,0
%3
23.3
18.0
5.3

127

C#sqa)

0,0

5,4

23.4
ln,o

5.4

126

00

53
23.3
I 0.0

53

IL?

. . . ... . .. ..— .. .. ____ ..__ _____ ,_____

The imp-marwc of h diihw componentIn describing
Ihc gas phmc anion would suggcsi&l il might bc in~fir-
lant for tic pro~r descriptionof Ihc ~. s~lm cxpcchx!
in tic cluster, [n mdcr 10IC.. lhis, we ~rforrncd calcrrla.
lions on an O alom cmbkfcd in Ihc Madclung/Paull jm-
tm[itil appn~riatc K) IA2CU04, Rcsuhswhich COIII~

4of 17 Ab hltlo Cluster Sludlm cd La2Cu04



Cues

the 3s2p basiswilh tic 3S3Pbasisarc shownin Thblc 4.
llc diffuse functionhasonly a minor effect in I.hiscase.
_I%cIargcst diffcrcmx is a prcfcrcmial Stabilizationof the
d- Spccicsby -O,leV in tie morediffu= basis.The slan-
dard 3s2p his is Ihc.rcforeexpcc.$d10pvick a qualita-
tively acccgmbk descriptionof ~--- in lhc clusm.
Finally, no~ M the caimaw of lb “atomic” U from

Uthesecalculations isappoxi~~ly CO-1 ~ ~-12.7eV
for all h kwls ofcorrclation in Table4. Once again, his
should arise from a cancellationof ersws,and from lhc un-
rrxovcfcd mrrclruion energy infcmcl from the gas phase
calculations, we CXpcctk sIability of $hcC?- spxics to
b undcrcstimalcdrelative 100-by -().9cV.

3.0 Cue,

3.1 CUOJ’.

llc ckctron count in rhis spcics correspondsto cbscd-
shcll Cu’+(d’O) spccicsand filled d(p~ Iigands. !1 tl’rcrc-
forc mcxiclsthesimmim in which anaddidorraleh%tron is
added 10 IAzCU04. Unlike earlier calculations” with just
k Madchmg background,an SCF calculationwith lhc
Madclung/Pauli bckground dax indeedfind a
‘A ,’(cl’”p~ groundSUUC.The cigessvaks, dominant sym-
mc~ wrnpcmcnts,andodrcr informaticmchamctaizing
he SCF wavcfunckrn am reproducedin ‘fhblc5. NOLCtit
W orbiml indexing in LIWThbk corresponds10“hok” no-
Iation.

The uxal ammic chargesfrom lhc Mullikcn analysisde-
scribe rhc ‘Al SIMCSSCu+’770~.’%OU-’-W. k loud

Ichargrx can o m h misleading, prdcularly in msnsition
mcti syslcmsor when usingcxtcndcdbasisSCLS,but ncv-
erthcl~ss IJIcyappearrmonablc in his instance,A more
inlcmling mrmbcr isthe sumof llw Cu3d grossrxbilal
populations, n,, Bwausc tic d orbitalsarc feirly confined
in mdial cxlcnl, Ibis number is usuallymmc in Iinc wirh
c,hrmical cxgcc~tions, In ht IScase,n&9.78, Thc dcvia-
tmn from d’ isduc toconwibulionskrnr lhc CU4Sorbital,
l?rc 4s mixes scrmcwhmwiti lhc Ialc(&) orbital, but
mostly inlo Lhc3ala bondingorbital,

The highestoccupiedmolccwtiworbital, I bl , is domi-
rnarrlly Cu3dti,,1 in chwxtcr. The grossMul Ikcn orbiusl

p)pu!:~liun P,, rcpnrdIIcc~ in TUMC5, dmcribcs [hiscrrhiml
as 61 % d,l,2 The ncxl hur Mkds arc alsoprcdominam.

Iy Cu3d, and khcircharacter is qualitatively in line wilh ex-
piations from Iigand-licld hay. The remainingorbiuds
cttmprische 02p %and” of widdl -3,3cV.

TABLE S. SCF Resutts for CuO~l-(d’~

componsnP

43,2
42
*J
d+
yl-n2-y3+x4

xl +x2+x3+x4

yl+y2+y3+y4
21+?.2+23+24
Z1.Z2+Z3.ZA

Z1-23

22-24

xl-x2+x3-x4

y] -y2+y3-y4

z3-z6

xS+X6

y5+y6

yl+x2-y3-x4

xl.y2.rr3.y4

$5.x6

yS-y6
25+26
xl +y2-x3.y4

c~a.u) AE(oV)

.1983 0.0

.1270 1.94

.1269 1.94

.1(W8 2.41

.0023 533

-.0038 5S3
-.0249 6.07
-.0360 638

-.0466 6.66

-.0639 7.14
..076S 7.48

-.0859 7,73
-.0862 7.74
-,0866 7.75

-.0896 7.83
-,006 7,64
-.1178 8.60

pdc

.61

.79

.86

.87
-.

-.
.. .
. ..

.08

.17

.-

.14

38

.04

.-

..07

P

...

...

...

...

...

0.27
...

9(4)

...

0.32
...

009
...

.. .

.. .

.. .

. . .

a. The i.n-phnzoxygcns sre numbed canuer+lakwise with

01 xbng lhs prsitive x.sxis xnd02 slonglhe p3silive y-axis. 05

lies d%)vethe plxne Snd06 blow.

b. The eigmvduec in mmic rmiLs(I S.U.-27.2ICV}

c. ‘f%e~ccntsge of Cu3d chawtcr in he orbid u rhcrmirred

from tlw grossMulliken pptrlatiIM

d. The oscillatorswwrgrhfrom the l~,orbirxl in rk Ic@r form;

%=M A% kiblp?.

Then arc Iwo orbitals in Tahlc 5 which will be h focus
of future dkcus~:un; the two combiruuicmsof blt symmc-
lry. ‘tlIcy arc bonding ard anti-lmnding with rcspm to tic
Cu3dX#12po imraclion and shall lx rcfermf 10as

0(219,) and a-(lbl,).

As a prclufc 10lhc caJculalions10bcdcscribd in he neat
.srxtion,it is inlcrcs[ing to now Ihat Koopmnns’ dworcm13
providrx an overview of WCruuurcof the SISICScxpcclcd
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in Ihe CU06 ‘G “ncutnd” chmr. First of aJI,W ground
smlc of a single holerclalivc 10lhe clckscx!-shellaniofr is
prcdicti to be 2BI@). w cxci~s- of ~ hole
shouldconsistof a w of crysti-ticld cxcimns in W re-
gion 2.02.5 cV, followed by 02P -> Cu3d charge tmrrsfcr
channels &ginning at roughly ScV. “Fromr orbilal” oscil-
laumsucngrhsfur h allowed dipole uansitims arc given
in lhbk 5. Most of theoxillamr slrcngth in this small

CIUSWis camnh~ in MO p~omi~@ W- bg -
> Q cxcilationso

3.2 Cu061&

3.2.1 ~e Ground State: %s

w dixud abovciKwP~-~s’ W-m would imply a
gro~d sw of 2Bltsymmcfry for & nCUIGd.!$inCendfor

k anion is 9.78, and pd fw ~ lb!- ~iti 0.61, KWP
mans’ theorem suggcsls%=9.17 for he ncumalground
staic. llc d,2.Yaspincfcnsi~Y.P#.d(lbl~. s~uld ~
-61%.

In facl, wc SCF calcufati~ * _ y~ld a *B]’
groundswe wih w9.18, quilt close m W cxpccti, but
his masksa significantrehybridi=tion which tics place
in the SCF dculation. As oppoacd10p~.61, M SCF
wavcfunction yieldspd=0.91. ‘Jlrcunpaid spin in the &
orbilal is ncady compklcly krcalizod on drc Cu. l%is in-
crc.ascdd charaacz in@ iscounteredby a ckcrcaacinu.
?hcre is vciy Iilde mclal-ligand covalcncy in Ihc SCF
wavcfuwtion; il is quilt ionic.

This rchybndinrion isa rct%ctionof lhc Iargc omsitc
Coulomb repulsionenergyammlg 3d ckcwns which typ
ifrcsckmcnts on hc right siucof tic Iirsl transition tics.
A doubly occupiedrnolccularorbid wilh significant d
chamlcr nacstily canics a kugc atomic componcm in
which hc mcuald-orbiud is daubly cuupicd. Rtwling to
h Iargcon-silt repulsiona.ssociamdwiti Ibis componcm,
the Hanra-Fock approximationrcdu-cs h mcd-ligarrd
mixing thcmby gcncriting a doubly occupied orhifal pm.
dorninmly on the ligandanda singly cm,rpicd orbital of
mainly d charac~. If M SCF approximation were aldc 10
wxrrwcly rcprod~c WCappropriateon-siw Coulomb re-
pulsion, his m.,ytwidimtion would h cnmpu[cdcorrccdy.
However, tic SCF approximationsignificantly ovcrcsti.

-. —.. .—. . . . ..—

15. T. Koopnmns, Physic- /,lOd (19.13),

males U~ and it dwcfort Bkcs W Ia.alizstion muchw
fw. Ilrcsc cmsidcnuions hold for mmc sophisticaud
wavcfu~Lions suchas b gcncrali~-vafunce-
bond(GVB)’6 and conlplcte-@c-~(CA@’ WprOX-
imatims to Ihc cxr.cntrhal Ihcy do not usually irdude in
their definition lhe radial correlation effccls responsible
for the Ovcrdrnstc of U*

Rafhcr cxtc.nsivcCl calculations am requiredto rc-cslab
Iish me prcpcr covakncy. A CISD calculation which in.
clucks all single and doubk cxcilalims relative to he SCF
rcfcrcrm incrcascsthe covalcmcysomcwk A mud or-
bilal anrdysisof b ground stau hasa singlenawral orbh-
al wilh occu@mr rmmbcr 1.(X)3. ~is orbitaJis
chterizcd by a grossd population P#.88. lh lxmd-

ing blq mti Of bitdtM2p#. 15. ~S ~ COv&
Icnqy Lsal= rcflcctcd in the f&2tIhal lhc ImgcslUdicient
in rheCKSDwavcfuncti, otk Mn W rcfercm dctcr-
minanl, is a singk cxcilruion, 1~s + 2~B, wil.hcoefficient
+.0S. It is unusual for a singk cxcitatim m play suchan
impomt role in the CISD wavcfurwtim givcrrM fxl
M bcrc is no direct coupling bctwcar W SCF &tcrmi-
nam and single cxcitat.ions.If this configurationis includ-
ed in the refcrwm spaceand all singleand doubk
excitations rcltivc LOthe tw arc diagondliud, the ~m.

cicnt grows even larger to 4.W The a and @ rk21uralor-
biurls now have pdd), 17 and Pd=Oc84,~f.ivdy. T&
proper covakncy ckpcnds dirdy upm lhc cnagy differ-
ence tiwccn * basi$staua k?p’% and Id’”ps>oThis cx-
citslicrnenergy is plad much mo high when usinghe #-
Iikc ground swc SCF orbitals. llrc raurms for thisarc dis.
cussedin mom dcfail in Scaim 3.2.3.

3.2.2 Crydol Fbld Excttono

‘rablc 6 rc ns crysfal field excifatiar cncrgicscompulcd
rfor CUOC1 .

. .. . ... .. . —.- .— - ._._

16. F,W, Bohowic~ erd WA. C’dd@ Mcrlmdsof Elarronic
Srruclwe‘flmry, H.F. !$rtmcfcr,cd.,Plenum1977.

17. B.(). ha, P,R,Taylor,endP.E.M. Sicgbehn,(Iran. Phys,
4ff, 157(1980); B,O. RUM, lnrcrn,J.QuemumChcm,, Synrp,
14, 175(1980),
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CU06

TABLE & Cws~alField Exda!ion Energies TABLE 7. 0-> o“ Chame Transfer Ener@ss(eV)

slew SCF CISD CIBqa)

2B@~.@ Gmw O.(Y O.@

2B~(I%y) 134 1.74 1.82

2Alt(da) 1.64 1,82 1.89

2&(dU.Q 1.984 2.20 2.28

m QA66.216837 sm.

b. ~=-966.727018 ~.U.
C. &=-%6.797%5 &U.

d. Symrncuy equivslurce rcsuiclions were irnposa! in W case.

Al M SCF level of approximalkn, lheac statcalie in the
region -1 .5-2.tkV. 1[should be cxpeclcd thit theSCF ap-
proximation is relatively good for this classof excilatioms
sincehey arc all mcntially & in characm and should
lhaefofc have very similar correlation energies.This is in-
deedhe cmc. The CISD cxcilahn cncnjcs are uniformly
incrcasul by -0,2eV over lhe SCF mulls, and he David-
soncorrcdon increasesthem by another +. leV,

optical transitions 10LIWSCcrystal field slalc.sarcaJl for-
biddenby parhy md gain inlcnsily only through vibronic
inlcrscticms,There spurs w be no definitive cxpcrirncn~
assignmcn~sotheaccumcyof the calculation isdiflkult
[0 assess.Wc nolc Ihal an “cxcilmlic” fcamrc al -1 .&V

‘e of Ia@04, which is inappearsin he oplicd spccuum
k generalregionex~md for crystal field SULOSaccord-
ing 10Ihc cakulation.

3.2.3 CJ*o’ Cherge Transfer

A critical pararnacr de.scnbinglhe elcdronic smrcmrc of
UWSCsystemsis IJWdiffcrcncc in Cu and O on-site ener-
gies, A=~-~, This paramclcr,along wilh lhs hopping in-
lcgral ~, csn b ulima~d fr~ IJW~ff~~ in enc~
betwac IIW groundstate, 12Blc(@, and the cxcild SMW
in which drehole is in lhe “bonding” b,’ orbilal, 22Bl$(u).
To a firsta roximalion, lhcscmay bc Lhoughlof as Id p%

1? sIikc andId p > Iikc, rcspcclivcly.Becauseof Izrgc ammic
relaxationeffectsIrlwwn d9 andO’”, ii is surprisinglydif-
ficult 10oblain a dcccnlcstimalc for his cxcilatiorrenergy.
COnsidcr firsl Ihe frozen-orbilal(FO) approaimakm in Tk
trlc 7,
. ---—- -, -

18. J,Humlicek M. Grrigm SIMJM. Cmlona. SOI.WC Comm.
7,589 (1988).

MM Bash Energy n~?~

?0 cm CISD Clso

l%lJo”) d SCF 0.0 0.0 0.0 9.24(.84)

2%1,(0) 15.16 9.01 1030 9.78(. 17)

I%lg(d) d’” SCF 0.0 0,0 0.0 9.23(.74)

2%1’(0) 7.75 10.60 8.25 9S8(.27)

l~IB(&) # CISNO 0.0 0.0 9.23(.79)
2%,,(6) 9.28 907 9.68(.22)

l% I+CJ”) dl”CISNO 0.0 0.0 9.2q.79)
2%Jlg(a) 9.47 9.m 9.71(.22)

l%c a->& FO excitationcmgy is 15.2cV when comput-
4 wilh Ihc groundslalcSCF v-. TM is cxpWed 10
bc too high baausc orbilal rclamdon must dcacasc h
splitting. m! in ddilkn onscxps more correlation en-
ergy in h d’04ike exciwd statewhich wiJl also act 10de-
creaseW splitting.On the oher hand, whc.ntic SCF
orbiuds of theanion am u-, lhe excitation energy is pre-
diclcd 10be 7.7SCV.In lhis case,orbilal relaxation is ex-
prxled 10i~msc he splilling, whmeascorrelation will
ag8ifI lcnd 10~ iL ~US, diffC2’Sntid7CIaXSUOnand
correlation arccxpccttd m @ally camxl me ancuha
when usingLhcanion csbilab, whm&s the Wo clkcls am.
plify onc snolhcrin lhc groundslaIcorbilal basis.

It is ~ibk to showIM a~dcal of thediffwcrrce in
these Iwo FO dmafes ccmtcsfrom orbital relaxali~ ef-
fms. The alum in Tkbk 6 Iabckd CIS refers m a calcu-
lation in which sJlsinglecxci~abrs with -1 m UN
two referenceconflguratiorub snd I&> am includd in
W CL Note IJUUit cxhibils much leasdcpndencc on tie
orbiul basis:he excitationewrgii arc 9,01 vs. 10.6aV
when usingths 2B18w ‘AIB orbhls, rqrdvcly. Tlris is
still an unacceptablyIargccrrbimlbias, however. Even
when a CISD calculationwilh rcspm IO these two rcfcr-

cm configurationsis performed,the cxcilalion energy
differs by -2eV dependingon which orbital SCIis used.

in order IOgcncrd~ an orbital basiswhich biasesagains[
nciticr state,we cormruued averagenalural orbiuds’g
from lhc CIS calculationsdcscribodalmvc. llwsc average
natural orbilals diagonalim W sumof tic one.panicle

- .-
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Oensitymatrices fa lhe tww rmlsand aredesignatd as
CISNO orbitals in lhble 7. Note lht now h CISD ~ku-
lalkms usingeitkr stl are 8s4 in gaxi agroemxuwith -
anoth~ (9.05 t 0.05eV), This is alsoLnJeof he ohilal
~lafions P, and hencehe Covakncy. we find
P@=O.79, Pd(cP)=O.22 in k CISD natural orbids us-
ing cib CISNO bSSiS.

lle excimtion energy and Mullikcn @aLions allow us
Loextraa estirnmcsof thepamrnclemA and . lleeigcn-

?values of Tabl, 5 providea crude estirnaleo lhc dimt O-
0 Imp@ inIegral t’;. lhis isdiscussedin more ti

%elsewke . We 6~A-dcV, &L9eV. and P4.&V.
llte-se valuw are all significantly larger Ihan & tint es-
tima~ of tie parametersfrom constirwd LDF dm&
ry314A-3.5V, t#.5eV, ~4165eV.

3.2.4 Opllcal Abaorptbn

Figure 2 reprodwxhe opiical absorptionspcctrum2’of
LA2CU04 mken by ELSI@ CLal. llw spearum showsan
onset for absorptionat -1 AeV wilh a mmh uronger ris
occtig at -5eV. llw gap is gencnallybelievod U2 be -

ciaud wi~ h onsetof 02p -> Cu3d charge Lrarlsferchan-
nels.

The pnunelcrs &4ennined above canM usedto genam
a crude estirnak of theoptical spcarurn exptmed in k in-
finite solid. In Ihe C@b cluster,he o* orbila.1isslabilid
by -2.3cV Cromthe bare m-site emrgy q. Asuming this
stabili-tion is roughlycorrect for thesolid, h centroidof
W 02~u7d chargewansfu channelsshouldoccurat -
A+2.3eV whh a widti dclwmined by Ihe 02p bandwidti
which is roughly 8#. lltis approixh yields LIIe“lheoreu-
cal” spectrum shown in k q of Figure 2. NM M h
onscfof the very strongabrmplion at -5eV coincideswilh

lhe cumcntestimalc for dK!beginningof L% chsrgc-trans-
fer band. The pmitis of Ihe crysLal-ficIdexcitcmsagree
well with lhc weak absqlion fmtures in the region of
-tiV. These simple considerationsmustbe verillod by
studieson largerCIUSICJS,but it would appear hat lhe
large value of A found in this work argws againstlhe as-
signmcruof the optical gapat -1 .8eV 10 thecharge trans-

— —

19. P.(). kwdiu Phys,Rev. 97, 1474 (1955); E.R. Davidsom
kf. Mod. Phyl.44,451 (1972)..

20. R L. Mtrtin and P.J.Hsy, in Prcpwminn.

21. S.EIxrnMJ,D.E.ASFICS,M.K. Kelly,R. Tbompann, J. .M.
Tarasmm snd0. W.Hul~ ph~. Rev. B 39,9028 (1988).

fer channels.They shouldnuhrbeassigmd to Lheonselal
-5eV. On the othu hand, the LDF pwneters predicIa
ChargeIransferonsetal -2.6ev‘,mostly b.cause of ti
smalkrvalw of Afoundin Lhatwork. ]dma~titll~
covwed ekcuon cmelation and backgrmmd Polarization
efluta in CuQshould only ckcrase A by -leV. II should
& IlOtOd,hOW@~, IhStbd - sl.1~~ VScallL~f
orbilals lie in k vicinity of 5eV. Explicit incluskmof he
1-aatoms in h clustermight mmrmalh Ik mp~dd
C*C transfnrstatesto Iowcr enexgy.This is a possibility
which should be examined,

3.3 CtJq*

The ek.aronicSUMof CUQ 0“conespondto h ddition
of two holes relative 10tie closed-shellanion. We slu”1re-
fer 10his stateas the “cation”, since it hasan addidonal
hok Mative LOthe “neumal”2B1’ ground sIstc.‘fk cation
SMIM can be probedby phouxmkskm and the comelated
namre o!’ W two holeshave&n the objecl of m~h
stud~.

3.3.1 A ●lmpla Cl oakutatlon

If the independent pardck appmximslion were c-
one wwld ex~t he ~und staleof lhe cadoc tok gen-
eratd by theadditicmof a secondhole to thea- orbimlof
Ihc neuual speciw i.e.,

01 = cf 2(afl) (E92)

Ink simple model wc of k L+, symmeuy orbi~s,
tire are two dditiord ways m plact the two hol~

(Ea 3)

and

0,= d(a~) (Eo 4)

In a phommission experiment, only UI, and02 carry in-
lcnsi[y,because~ requirestic simuhanoousadditionand
excitation of a hok from tic ncuual ground suue,andcan-

.—

22. MS, Hy~ E,B, S@hcl, M. Schlumr ad I.XR. knni-
son, Plgw. Rev. B41, IIO158(IWO).

23. OA. Sswmzky, his ~adings.
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M tc reachedby the omclcctron dipok opcratoc’flwe-
fore, the inckpcmknl particle model Wgg=ts one should
Scctwopeals inlhephotakcbo nspeclnumdle6rstcor-
rcspondingto ionizationof the & electrcal from the ncu-
ual lading to final state01, and the seumd
corrcspuiiing to ionization from theu orbital kading to
fitis~k~. ~y*M&w~tiby tia->@~-
ciution encxgydiscussedin the previous -lion, which
was estimatedto be -9eV.

Suppow tl-rae threedurations arc aUowcd to mix via
configurationintmwtion, with (for lhe prcse@ theorbitals
defined by the ‘Bls SCF grcumdsute v=- The results
of this cakulation arc shownin Tbbk 8.

TABLE 6. 3x3 Cl l%swhS’ fof C@

Root AE(oV) C,* ~b C/ n,’

1 0.0 0.66 -0.75 o.@4 9.1

2 143 0.72 0.65 4).23 8.4

3 19.7 0.20 0.12 0.97 9.6

w The orbi~ls usedin rheCt expensionwere tie SCForbhds for
w neutral groundSlslc.

b. h ataf6aarrs inb expnsiomseeEq.2+.
C. The Mu]tiken d-~WIUti

Note Lhalthe iOWeSt_ mol. far f~ being dominated
by the configuration@l(&2), exhibits a strongmixing
witi 02(uu*), In fact, mostof the weight for U$(U*2) is
found in the secondroot at an enqy 1403cV.Thus some
of the photmmission imensilycarried by lhis configura-
tion wiU show up in the hi h-energy%a[cllitc- regionof
the spWrum. Expcrimcn$ findsa correspondingfume

at -I 2eV.

‘l%is is a very small Cl calculation,but the qualitative na-
lure of thegroundstateSurviva mom detailedcalculations
and dcscwcs COMmCJtLNote thal the total Mullikcn popu-
lation in the Iowcst KM isd9”’.The mural SCF ground
state was chamcti by d9”2,snd so it appmrs that the
ionimd ckcwrr is nearlyall 02p0 in character.Many ex-
primcms which prob the total d-population on lhe Cu
site, suchas XPS chemical shifts, X-rsy abscxption,etc.
have verified this qualim.ivc pic[urc of h chargedistribu-

— .. ...— —.—

24. Z Shcn, J.W. AIlm. J.J.Ych J. 3. Keng, W. Ellis, W. Spk.
●r, !. Lindaw M.B. M@ Y.P. hlichwmc~ M.S, TdmchvilL
and J:! Sum Phys.Rev, B 36.8414 (1987).

tion in the&# statc”. I%csc experimentsgave rise ~m
W statements“’thereis no Cu~n in thedoped materials,
u ‘“h lmlcs am all on theoxygen”,which can be found in
much of h literature on thissubject,This is supportedby
the pfesemtcalculation in so far as the experimentsprobe
dsedensity cnange upn doping. l%ey do not supprt the
swmingly dud pictrue~ cf lhis bwcst root asa “’highly

awithonehokon theCuandan-Cu’related Id Sirrglct
9therontheo:

where inthe diagram we haveconsideredonly a single ox.
ygen neighlxx for simplicity.

TIM local singlet constructionis not the statebeing de
scribed by the CI wavefunction in Thbk 8, The lowest root
is well descrilwd by the IWOconfigurahns

w,a0.660,(d*)-0.7502(ad) (EQ S)

Recall lhat tk neutral SCForbitals are quite Iodized,@
being vay nearly ~.fl and a mostJy02pr 0, hen de-
scni a situatim in which the two hol~ are in h ~2.Y2
orbiud. llw secondconfigumtion describesa situaticn in
which cm of the holes movesonlo the oxygen. The large
mixing implks a strongchargetransferrelaxation which
sc=ns IJK two hck. TM averagedistanceLmtwccnthe
two hoks in 01 is inrreased by mixing in a single exci@-
tion in which one of IJWholesmoves to the adjacentoxy.
gen. me Cl is describinga rchybridizatkm accompanying
icmization. l%e overall symmetriesare both As,and sothis
efkt may be viewed as a “breathing”of the effective Cu
d wbifal. l?bc”C~~+” orbital issimply larger in the ioniztxl
state in orda to decmse thee!kct.ive on-site Coulomb re-
pulsion bc4weemIJtetwo hoks.

More insight info the natureof this slatecan bc obtained
by examining the CI wavcftmction in the naturalorbiud
represatation.’& naturalorbitals diagcmali~ the cne-
ptul.iclored- c!knsitymatrix, and the eigcmvalucspro-
vide ccmrqmding occupationnumbers.The Slalcr deter.
minant dctlrd by cxcupying the natuml orbilals with

25, see, ●.g., l!?tsrlicrand Recew AspccIs of Snpercomiuciki/y,
J.(l). Bdnom d KA. Muller, d,,, Springer VcrlsC, 1990.

26. F.C. ~sn~ ant T.M. Rice, ptrys,Rev. B 37,3759 (1988).

27. H. Eskee UKI OA, SSWS17AY,Phys. Rev, h 61, 1415
(1988).
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Iargml occupationnumbersis h dc.tcmnirmmwith maxi.
mum ovcrYapon h Cl wavefunctinn. ihc natural cmbitals
of the Iowex rtmtconsistof a new & orbiti, cd it Z*,
which isa nearly 5050 mix of ~z,zand @pr It hasa
hole occupatkrr number1.85. The Imnding nw.ual orbital,
Z is a 5(k50 mix ofd,=fiand 02~ with hok wcupation
number0.15. In thisrcprcscntationthen,the bwcst rwt is
closelyapproxirnati by WIrzZ’2. lhc charsc tinsity in

the ldin naturaYConfi
F

tion expandsto -25% da,
-50%d9p? and-25% d’ . The avaageckarge on Cu isd9,
but his occursbccauscof equal admixturesof the ionic
team daand d’”.

The mcupat.ionnumberof 0.15 fof the secondnalrmdor-
bital signifiesa slightdrp@Irc f[om Urismokcularorbital
picture. 1[rcprcscmtsa modesttendencyfor the two Mes
to form the “lad singkl”. llre continuousevolution from
h MO wavefunctionto the vakmccbond (VB) singld
w be describedby the two configurationwavcfumion:

w, = (1+ A2)-’Aof2-Az2) (Ea 6)

Fw bO, the MO approxirnatkmise.mwl.At the other cx-
mmc, b 1, the VB singlet is exact. For k spxiaY usc
hereof a 50:50 mixture, tic WI Cu d-populatkm remains
d9 for aUvaluM of k andcannotbe usedto distinguishthe
MO from the VB wsvcfunction(cunsidw the Hz molecule
air, andr==). From theoccupaticmnumb, cm deduces
X=O.28.Thus thereis a tendencytoward the VB structure,
bu[ thisstas isSUUfairly well dcscnkd in & MO limiL
Before leaving thisqualitative Poing wc note that it is not
just our clustercalculationswhich find this rcsulL All tk

more reccmtthree-bandpsramcta setsextmtal from M
density functionalthmr$c’ and& Cxpcrimcmt” yield a
wavcfunctionsimilar to thal found here, ahhough ii is stiU
often insormctlyenvisionedas the local singlet piclurd
above.

3.3.2 Pholo.mlsabn: an Internal Cl cakuklbn

In ocdcrto introduceall the pcrtincnl photoioniaion
chanrds, an intcmd Cl nlculation was pfonncd. This
Cl inkolvcsdiswibutingtwo holes in all pssiblc ways
among thevaknce molecularorbital.%71u molocularw-

—.. .—

28. H. Eska, GA. SSwUrky, mt L.F. Feina, PhysicsC I@.
424 (19a9).

bitak arc again &fined by the 2Blq ground stateSCF cal-
culatkrn. Becau of h small mixmg in the SCF
wavcfunclion, w can distinguish 5 molecular orbitala
which are @omhlSlldy Cu3d in character from tk 18
molocular orbitals which are prcdcnninardy 02p in char-
ac.cr. This akws the Cl spiwe to be &scri&d appoxi-
matcly by “da”. d9$”, and “d’w configurations.

The mr,rlts are pmemtcd in Figure 3. Each discrc[cCI ci-
gcnstatcwas hadcnod by a Gaussian of width 0.4cV, k
experimental rcdution quotedby Shcn, e~ aL24,and tIM
Cu3d and02p coqmnents assigmd a rdative intensity ra-
tio of 1.0. The d9psp..jccticm forms a band of statesin the
region from 04eV. The d* character is distributed
throughout the spectrum,although me”~of it falls in the
region 11-14cV. Qualitatively, the s~trum appearsto be
in gcxd agrccmcntwith the ex@rnentaY resultsalso
skctcM in figure 3. The piks labeled A,B, and D as
well as the region in dw immediate vicinity of LheFcnni

dgc have Lwcmshown to rcscmatewith the Cu3p -> 3d ex-
citation snd thcdom to contain significant d charwter.
lleac featuresarc aYlreproducedby this simple cakula-
tion.

We shall not discussthisspcctnrm in detail, since th
analogouscalculation with the older kkground IXWIt.ird
is prcsemtcdelsewkre. The major diffacwcs arc that the
presentcalculation putssomewhat mm d cluuactcr in he
lowest rCKN(d9-’ vs.d-a previously) and shifts the satellite

features to higher bdng energy by -2cV.

3.3.3 Candldstoa for tho ground stato

The energiesof the few Iowcsl statedM he internal Cl arc

prcsmted in Tkble 9.

The first few statescumqmnd to tke which would bc
cxputcd in a simpk ligand flcld model; i~. after the’~
ground state, the singletand triplti caplings of the uldi-
t.ionalhok in the ~ rxbitd are next, followed by M

‘Ur
dcgcnaatc pin Ahhargh wc have Iabekd the suuw

as they were # in character,thesestatesalso comcspond
largely to a dcmsitybaa in lhe appropriate 02p twbitals.
The sue 2,360V above the ground state is the ‘Bzg hole
stateProwsrd by Guo, ct. al.s to b the ground strut,
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TABLE 9. Internal Cl Eigenststes for Two-holss

‘E#.@+21

‘AIJMSZ.Y 2)

AE(oV)

0.0
1,15
1.78

2.05

2.07

233

136

2.40

2.46

3.68

More de4dkd C-dCUIStkUM on k andi&teS for h

ground slate wefe carried out. SqnriUe SCF calculations
were prhrned fork 1A&2.yJ IJW3B&z), ~d IJM
3B2S ~) hole stat@and followed by CISD cdCId~CSl~
The resuhsare shown in Table 10.

TABLE 10. CISD Energkrs for Tw-holas(oV)

s1819 ScF CBD cmm

‘AI,(I&,J 0.0’ O.(P O.(F

3BI,(4@a,a) 0.4 0.9 I .07

%3&&~.& 0.9 I .75 2.09

tl&=-966.042143 &U.

b. &-%6.604&i4 &U.

C. I&#66.697072 8.U.

llc ordu of die s~tes predictedby W inlernal Cl is fol-
Iowcd a! all kvcls of approximatim The 3BIC state Iics
only 0,4eV ,~ighcrhn k ‘As in W SCF approximation.
Corrclalkm increasesthis to -leV. The ccwrcsponding
crysud field excitationenergy in the neulral spies wss
-1.9eV. Kamimum, cl. al? havearguedun llw basisof
IJwircluslercslculakns Ihal thenatussof the doped hok
changesfrom X2-P symmetry 103 symmeuy at Ihe dop-
ing mnantrations cmrcspondingto k maximum in TC.
lhis -Iusion is bssed m a compulsxl crossingof Lhc&

and ~+ hole slalesas a function of bond diuame. The
presenttahlations were also @xnwd u bonddistamxs
appropriate to lb maximum in Tc (-15% @ing) and yet
h d= hok stateis still -leV higher,The basisSeISand
ccxrel’uion lmalmenIs in Ihe prcseruwork arc significam!y
mosswrnpkte than the minimum basisses andCl’s ex-
arnird by Kamimum e~ SL Neverthe- lhe exci~tion

emrgyis srnalland lhcuend withtmnd diuanccisssthey
describe iu Iheir point is well taken.

lle3B%&)s!ateia knmdIolic-leV higher than W
e SISEM he SCF kvel of appsrrximatkm,and come.

.~ this difference to -2cV. The major differ-
emebetween theprcsatwork sndthatofGw, @ ‘].s k
in he mcweextensive~lation Ueatmenl utili~ b.
The ~ hole slaw drx4 &omM rnors competitive wh4n

lar ‘~ be SXWIIif@ and lhc full 02p bandwiddr
is’ d. Nevertheless,we have always found dw ~
hok~ estobcbwer inenergy thanhe~m. ~iscon-
elusion is supportedby NMR cx@nemIs which de6ni-
lvely show he csrrius in @cuo4 tobeof u symmetry*.

One final cakulation was performed fos C@*, A CISD
expansion was camiedmt with rwpec.t to W threeconfig-
uratims&2, ti, andc? wiih the orbitals defined by b

s~-kuhtimm ~ ‘As p~ *~of~@~. ~~
should relax andcordate d 0 like configurationsIXIM
than the pitvious expansions. Tits d’” chter of k Cl
ground stale is increaed slighlly frum @.] to rid-9.2.
?lte Iding nalural mbital is -S4% Cu3d, a slight imxcase
OVH lhe SO%mixing obsened in the simplw’1 cxpam
sions.

The ICSUILSof this scclionallow us 10approximate a Hub.
bard U which ctilerizca the CuOg entity. Using the
most exiensive ClSD(Q) reds, and lhe relation LJ=E(C-
~ll_).+E(C@93-2E(Cr,Q1~, one finds U-1 1.leV.
This value is fairly close10that inferred from cskulations
on Cu~ and Cu#l I discussd belw.

4.0 PPP Model— — —.

If he el~lronic (kgross of frccdornXssaialed wilh Ihe

02p and Cu3d ofbitsls can bc contracmdinto a single“cf.

29. R.L .Mudn and P.J.Hay, in ~~U~tiOfL

30. See.e.g.,A-R. Bishop,R-L Msnim KA. Mulkr, undZ. Te.
smovic, Z Phys.B76, 17 (1989).
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fcctivc” dX2.Y2cwbi~ on each Cu ~IC, ~207 ~d CU2011

hcn bccomc iscdmtmni+ with H2. The two efkctive 3d
orbiuds give rise IO a bonding mol@uhM tikd(MO)

(Q, +%)
9b=— J5 (EC 7)

and an anti-bondingMO

(9,-r?,)
9.=— 3

(EQ 8)

The “ncuual”, undopcd, syslcm conlains onc ekron pr

silt and gcncralcsa triple-lelcdronk slalc

and time singlcl slatca

‘2)=H(=P)

(EO 10)

(EO 11)

(EO 12)

The cation and anion,analogousto H2+ and H2”,each
give rise 10 Iwo doubkl SLCI*

Ice)= q, (a) (EQ 13)

140)= qrjwa(=ll=) (EO 1S)

The vacuum SIMCk brnh orbhalsempty and will bc dc-
n~~ ~, while lhc slnlc with both mbilds Wupicd will

bc dcrrokd by IF).

The PPP model is bed on the zcro-difbmial4vcr-
lap(ZDO) appmximadon, in which two-ccnkr charge dis-

tributions arc ignoml in k mcnlion of two-claxron
inlcgrals3’. ?hc familiar panunclcrscharacterizing lhc

Hamiltonian consislof he on-site orbital crwgy V,a hop-
ping inkgral t, an on-sik Coulomb repulsion U, anda
two-ccnlcr (hrIanb repulsion V.

Within tiis model, IJWcncrgicsof lhc avai!abk slaIcsare
I.hen:

Eomo (EQ 17)

Em=c+t (EQ 18)

Ecl =C-1 (EQ 10]

En =2C+V (EO 20)

(21)2
Em= Er, - ~v (EO 21)

(EQ 23)

EAe M3C+U+2V+I (EQ 24)

EAI = 3c+u+2v-I (EO26)

EPE4C+2W+4V (EQ 24]

wh~m lhc ~urlmliaI approximation appmpriac for I c<

U-V hasbm usd in Ecp. 21 and 23,

~C bgisai CX@I13kMofhe PPP makl & 10rchx Ihc
ZDC qqxoximalion and rclain all LhcIwo*lcclron inlc-
grals which cmcrgc In a minimum basis w calculalirm on

H2, ‘itiia model will k wkx’rai w ,:i he full vaknce
Ilamillbnian, 11calains Iwo additional lcnm. lhc Ikl i$
a hybrid Iwo-electron inlqral tiirsch32 has rcfcrrcd 10as
At,

AI = [l/Jr] = [rr~r] :EO 27)

. . . . .. — -

31, R.O. Pm, @Ismrmr ‘f’hcoryof Molmulcr I?lcclnmir SIruc-
hrrc, W,J, Ilmjunlrr ( 1%3).

32, J, llirw~ Gem. I%w. h. (1990).
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l%e secondis M two-ccnla exchangeimegral

K = [IrJrl (EO 29)

lltese two termsarc disc-in more deud in SWtion 6.

5.0 CU207 and CU2011

For wh of the statesexpecti in IIW singk band model,
SCF calculationswcrc pcrtbtmd m dckmnine orbiudsop-
timum for lhal suueand folbwed by CISD calculations,
~ in tie C@6 ~. ~ ~kub ofbi~k (kh&d from
k 01s, 02s, andCU3Sand 3p orbitak constitme he me
and wwe frozen 10cxciLatmn.

‘lhe cxccpfionlo lhis gcneml pxmdurc acufs fcwthe
groundstateof h neutral qxdes. Here a IWOcon@ra-
tion GVB cakulation was * 10 rkmminc lhc optimum
orbi@lsfor h wavcfundm lSCb;i.e. Imth IJE cwbitals~
and &and LIEmixing coeftlcknt k were opimkcd @q.

10). TIIis multhc.cmfiguraliorr SCF uca.rncnt is ncc~
in ordrr to iruroducctie ~ibility of mti-ferromagncbc

coupling imo * zcroIh-o*r wavc(unctbn, The subse-
quent Cl calculation includul all singb and double cxciM-

tions wi~hrcspx[ to both cunfiguratbns ~z and 0,2.

5.1 RemJIW

The cncrgics 0( k Wales in C~@ are rcparlcd in lh-
bk 11. Six of he Sevenrckhc crwgics in lhble 11 were
Ieaslqmcs IN to *c PPPcncrgy expressionsin order 10
derive Ihe 4 PPP paramclcrs reproduced al Lhcbotlom of

Tabk 11, The energy EM wasomiIIed from Utisfitting
procedure,Note Wat WCsingki srmesISI > and 1S2>are
not rcfcrrcd10in Tublc II, lle cncrgicsof Ihcsemalesare
-U-V higher in energy than IS(b, In facl+ SC7 calculn[itms

on lhe sLllc ISI > colhqw inlo ber.lying sh’igleN involv-

ing 02p+Cu3d charge lrnnsfcr cxcilnlkms. I%csc inwudu

sImcs will nw h dc.scribedby lhe PPP rwnlcl, Tb dw CX.

ICIII that Wcy arc important in &scribing h low energy
physks as lhc cluucr sim ircmm., his is a dcIIt IWICy of

Ihc prcvlll Illodcl,

TABLE 11. Tabk 1. C@ Energies

Slma

lb
m-b
Icl>
ml>

IA@
IAl>
11%

J(mcV)

c

1

u

v

o.&
-6,78(.6.82)

-5.22(-5.47

-133q-1330)

-1334

-1.83(-1,79)
4).63(4.44)

10.17:1O,M)

37(88)
-6.14
4.68
19.74
-1.21

USD

O,@
4.W(-7.03;

-s.46(-5.70)
.IC.95(.1O.95)

-11.02
-1.96(-1.83)
4).75(-031)

10.S7(I0,39)

73(139)

-6.%

4.66

14,37

1.7a

Clsqo)

NY

-6.88(-6.98)

.5.51(.5.70)

-9.83(-9.83)

-9.91

.1.53( .1.4)
4.35(43.16)

11.23(11.09)

90(169)

-6,34

4.64

12.53

2.85

-m lomlmgy is-1550.16243au.

b. The total erqy b .1550.88436 mu.

c. The mml energy n .1551.02323ml,

Analogous calculationswere performed for CU201I and
arc presemlcdin 7hMc 12.

TABLE 12. Cu~ll Enemies

stew

Kb

Kl>

ml>

1s0>

lAb

IAI>

Ilb

O.d
.6,9q.6m95)

.5.43( .5.60)

.13.91 (.13,91)

.13,95

.2.88( .2,8?)

.1.66(.1,49)
8.33(8 22)

Cf5D

O,(P
.7,02(.7,15)

-S.59(-5.82)
.II.66(.11 .66)
.II,73
.3AM(.2.91)
-1,81(.158)
8.66(8.48)

J(meV) 3E(u6) 69(130)
c 4,27 4.49
t 43.67 43,66
u 19,39 14,59
v .1.36 131
—-- . ..—. ——---- . .
& The told enwgyb. 1846,99674mu,
b. Wrekml energy b .1847,94040 s.11.

c, The lord eumgy b .IB47,146.$4 mu.

Clsqo)

O,(F
.7.(B3(.7.12)

-5.61(.5.82)

.I0,60(.10,60)

.10,60

.2.69( .257)

.I,48(.I .27)

9.23(909)

83(159)

4.47

-0,65

12.nl

2,33
. .. -—---- -----
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6.0 Dlscusslon

6.1 PPP Model

The first poinl to bc madeabout the resultsin ‘fhbles I I
and 12 k~atti PPPmdel_mgiwave~gd
fit LOW dirdy compulcdenergies.The fmrwuhclicd en-
ties in each column give lhc prdictims of h FPP model
using tie paramcWs exhacmd from M fit. ‘The model re-
produces he positions of all tie slalcs 10 wilhin -, M.2cV0

Anolher encouraging aspccl of lhc calculadons is M I.he

psmamclcrs arc mthcr weakly dcpcndcnl cm Ihc siti of Lhc
cluster. Comparing Thbk I 1 with Thbk 12,one can see
tlumthe piuamcwrs cxtraclcd for CUZOII al a given level
of approximation are in good agrwnwm wilh lhoscdeter-
mined for CU2Q. The agrmncnl would -10 knd sup-

port 10 tic argumcru hat rhc point charge backgroundu
appropriate for his material.

‘flwe is but cnc entry in Tables 11ad 12 which can be
compard dircaly witi cxpimcnt. lltaI ishe Heiscnbcrg
cxchangc CO1’IS~lJ=

P
-ET1, BolJrmrbwn -ucring and

Raman mcasurcmcnls arc in agretmcm tit J-120130
mV in L.82CU04. ‘flc LhorctkalvaluCis quilt sensitiveCO
L!! Icvcl of cmclation. AI he GVB level, for lxrIJIC~@
and CU2011, J-38mcV. nk isonly a~l Ifl of ~ cxW
imenti IC..UII. AI tic CIS D level of approximation,lhc ab
initio value is nearly drrubld 10-70rrwV, Applying M
Davidson eslimalc for quadruple excila;ions iW~S lhc

heorclical value by -10-20 mcV. Our ksl calculations
IINIS give J-8090meV, in much clowr agrccrncnt wi~ ex-

pcrimcn~ bul still only -75% of lhc cared value.

l%c dirrxl compulaliorr04J isa formidablelhwrctical
problem, In an absolutesense,one shouldperhapsLm
plcwmcithaI the cakulation is able m reproducehe split”
ting to within -3o mcV. Expansion ofh cme-clcdron ba.

sis SCI[o include f. functions on ti Cu and d. func~ions cm

he O could ccrlainly iA. cxpcdcd 10 catibuie 30mcV to

Ihc diffcrcnlial cmrclmion energy belwmr IS@ and fl I >.
In arwihcr .scnsc,however, Ihc erm is more dishhing,

NOLClhal for large U-V,

,; (2 f)’

u-v
(EQ 30)

Now he value of die hopping imcgral in l%bks 11or 12
is quite insensitive 10 LIWkvcl of ccwdation inclu(kd in
Ihe calculation, Thus incmascain the value of J imply, not
surprisingly, rwlucr.ionsin fhecfhctive value of U-V. ?he
surprising feature is k sensitivity.TIIC f~t UuN*C GVB
approximation gives only - 1/3 of the expcrimcnral splil-
Lingimplies IJUUU-V isoverestimatedby a fmim of 3.
llrus, meV improvcmenb in J kvcxage e}’ modifications
to LhccfTeclivc U-V, llris behavior is apparent in the value
of U-V in the ‘lhblca. Recall that lhcacparametersarc de-
termined from ionization po~ntials and elcmcm ailnities
of tie cluster. llw ground slamI*, and hencelhc value
of J, was not iwluded in h fiL N* lhat U-V decreases
from -21eV 10-l(kV in progressingfrrrm GVB m CIS.
D(Q, mirroring the irwrcasaof-2 in h theoretical J, The

reduction in U-V isductoadccreaac in he valucofU and
an increase iu ~e value of V as h bvcl of sophistication
of the calculation incmasca,The &crease in U Iscxpeclod
and nol surprising, lhe irwrwsc in V is somcwhal more
novel, In f~t, ru tic SCF level, V is found to ~ negative,
This irucrdng result can bc uaccd to b tificially high
crmgy of the cation staleswhen symmetry rcslsictionsarc
place.don UM SCF wavcfuncdon; that is,IJMadditional
hole ink cuion is consuaind to be symmarically dclc+
calizcd over bth Cu silts so ltral Ilra SCf wavcfunctiar is
a propereigcnstalc of lhc symmclry qcratom of Ihc clus.
w, The Cl cakulation introhces correlations which tend
lo localize We additional I&on one Cu and cacile 02p
el=lrons onto Ihe silt 10acrwn il. llwc “ckclronic p
Iaron” Iikc cffas me most dramatically evidenced in M
ftxt rhat SCF solutionsof broken symmclsy” can be
found fm the cation sus which Iic bwcr in energyby
-ZV Ihan W symmelry constrainedSCF solulirm. In
Utcscwavcfunclions, dICsingled-electron Icxxlizcsononc
Cu site and Ore02p ckcuons polari7.etowardh orhcrCu
silt, Tlds Ieft-ngh! mrclaticm tendsto Irxalizc hoks
dopl Imo W clustct llds tcdcncy should be cnhancod
furdwr by nuclu moth In which the oxygen atoms
move toward he Irxallzul hub

6.2 Full Valenc. Hamlllonlan

6.2,1 Occupalbn Depand.rrlHopping

Ilblcs 11and 12 allow one toexamlnc IJwxclcrrns which

ari,w In Ihc full valcncc Ilamlllonian fw 1{2but arc ncm

. . . . . . . . . . . ..

33, W, Nkuwpnm, dds pnmdin~s,
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glc.md in thePPP model becauseof the zawhffcrcntial
ovcdap (2tX2) ajqxoximation. The km & in W Hamil-

mnian dcwoys tic panicle-hok symmclry of IJICsyswm.
That is, he ‘%andwidti” for a sitlgk ekcmm h tic va-
Icnces- is

Eco - Ec, = 210 (EQ 31)

while h “band width” when a single tmk is present(M)

is

‘AO - ‘Al = 2(10 -2 AI) (EO 32)

From Table Z for example, lhc SCF spJildngof the cation
slates is 1.47eV and signifhntiy smalkr (1.22cV)in the
anion. T’hcmsuhsin Table 2 yield (~, At)=(43.74,+0.CM),
(-0.72,+0.0s, and (-.70,+.05) CV al UICSCF, ClSD, and
ClSD(Q) levels. ‘ilw magnitude of Al, like 10,is fairly in-

sensitive to cca’relation.

Jiirsch32 has emphasizd IJ’ICpsaible de his lcrrn may
have for ymnoling Cooper pairing, The sign of Ar is
found to b mile 10lhat of ~ which is lhc relationship

noccsssry in Hirsch’s model to inducepairing of holes.
The magnimdc of Al found here,however, is presumably
much too small 10play a significant role in IA2CU04.

6.2.2 Dlrocl Exchango Inloraclbn

llw odtcr rcfincmcnt10be PPP model which arisesin M
IUII valcncc Hamihonian is h direct CrJ-Cuexchange irl-
Icracticm.11.s’mosl important influcncc is upm Ihe su-
pcrcxchwrgeconsfantJ. In h Iimii of large U-V, IJWfull
vulcnce Hamillonim gives

-2 K+-!2(/o-AI)]2
Jz .—..—

u-v

Ciivcn the magnitudes of ~, AI, U, and V found rimve.
onc can dctcrrninc rhc ?Iktivc K from he diroclly w,lI-
pulaf sin@c4riplct spliuingsmllia proceduregives
2K=(4$M2,7R) mcV fc?C’U201I asa functkm of corrcla.
lion. The dircd exchange i.. a small Irwactbn and, like
AL mlghl lm Icrl OUI of a rnwkl, II is lmpormnl 10 note,
however, thai il is of lhc wune mder of magnihdc M tie

34 and has Ihc q)posltc sign,supcrcxctrurrRc Inlctticlitm

~is mmms Ihol if onc could cakulalc k “exact” values
for t, U, and V in [hr 1’1’1’model, lhc prcdkmd VSJUCof M

supcrcxchangeiniaacticm might easily b in error by a
fmcrr of 2. One shouJdlhcrefofe m expect 10rcproducc
kuh Ihe oplical gap and lhc SU~xChangc energy in a
PPPor Hubbard matel. Tlds will be true even when the
optical gap corrmponds to a traditional MOU insutaurc

6.3 Enor Eatlmate8 ●nd Saml-amplrlcal
Parameter

Bccaus il appcam Ihai thePPP model ~vitks a good re.
productionof Ihe resulls, it is inlercsdngto extrtwl a semi.
cmpiricat vaJuc for the qusnlily U-V from Ihe paramclcrs
dctcmnind Ihus far and lhs expwimcnud J, Using Ihc val-
uesfor to,A4 and K dc4crmin@lXbOVC in dra ClSD(Q) a?
proximation, and an experimental vatueJ-125rncV, one
findsU-V-8 .2eV. his is approximakly 2eV kss dmn tie
bcs~firsxprinciples c.alirnaIcin lhbk 12

llc.re arc scvcd mamns W expel til thepresentcatcu-
Iadonsshmrldovemadmatc U-V. The tl.rslconcernsthe
rati Iimik.d doubtc-zcui basis- ulitixd in this work.
?%caddidon of an ebctrcm to h nc-wrd clusm yields a
stalewidr digniflcam CU1●(diO) chamtcr, From tic amm.
k caJcula2kms,we know dul Iho difkrcntial caTclation
emgy bctw~n d9 ad d’” ncr(rmwemt by lhe Prcam
bnissa wiU preferentially slabilixc the d’” UaICby
-l.&v,T?m, h Cklral mrli~ of lhc ncutrd cu@, ,
cluslcr is cxptxld 10rkmse wilh improvementsin the
basisSCIby some arncwt AE~,G. On die oh hand, ihe
calkrnslabs involve pnady a tan of density from he
02p orbiuds, and so h kmizatitm PIMU of tic new.ral
Iscxpcckd 10 irwrcaw by mrne pair corrclah energycr.

m A&,o when IJmfull corretstionenwgy is recovered.
&,0 wu CShaled LO b -0.9cV di~, From IIK!PPP
energyexpressions, one can see tit IJwse imjmovcmcms

should msforrn e -> C.AF??9 Md U => U-AE_,G,

The inlctsiu rcfmtsion V & unafklal In Ibis analysls,
llw,ckrre, tds SCIirnprovememtsmay &t 10redwc Urc
CffCClhC U by -icV,

Anoihw considcrwion Is h hrnhcdcluslcr sim and tic
conscqucnlundcrtwimalkm 0( ills long rangexmcning
cunlrihutlonsm%urciati wllh lha emvlronmcnt.Shell mmt.

cl calcuhnhmsts suggcm lhal Ihe clcctmnic polarim[ion
. .. ,- . . . . .

34, ‘JltiI b rk cffeaiw K nemsmry rcrfit tie resulu rrf tie cd.
mdmkmn,‘h uvual Iwo .elwarm Intqrd b -hOV,

1$ M*S, kkm, M.IAIG S.M. Torrdlnum and C,R,A, CAW,
J,%yS,L’21, LIIW (19RS),
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energy associatedwilh eilhcr Ihe annihilalkm or crcstion
of an ehron inCU2+is 4Jtlhc orderof 3cVolle scrccming
aswxialcd wiih tic crdorr of a hole on & is similar,
-2cV. If we &note he portionof I.hisenergynol rwovc.rwl
in tic present clusterby AF~. ~cn ~alysis of ~ ppp
energy cxpressicmsshowshat inclusionof lhis contribu-
tion dots nol afka the nc-ar-rwighborinl-tion V, buI
modifies lhe omsilc lcms: e -> c +

?
,md U->U.

~p If tic Cnbmoverestimateof % in h diroclly dc-

tc.rrmncdU-V wcm assmiaw-dwiti thiscffccl, il would

imply an uruocovcd polarization energyof -IcV which
sxrns to bea rascmablc number.More pbably, basisSCI
Iimimtions are rcsponsibkfor almul half d h error, with
W polarimtiorr energyaccountingfor h olkr half, In
summary, an ovcrcstimak of U by abut 2cV seemscomp-
atible witi the known dcficicrrcks d lhc prcsm cakuia-
lion.

6.4 Cotnparlsons wllh prevlws work

The considcmlionsabovekad 10lhe scmi+mpincai pa-
mrnc~crssuggcsIcdin Thble 13, Estimala of he uncer-
tin[ies bawd on h discussionof tic prcs~ding ~tim
arc -10% in t and V, and perhaps-2fM fw U. The cff=-
tive singlclmd paramclcrswhich cmcrgc from he LDF
calculations of Hybcmcn, el.r41m(tlSC)sre sl.sopresented
in ~hk 13 for comparison.

TABLE 13, SuggestedPPP Paramelers@V)
-—. . _.-— —— .— .-— ——

Th19Worh ttsc

t .5s -1.45
I -o.ti 4.4
u II 4,1
v 2.5 0,1

----4L:.Y...__.... ..’!........ -----‘o...—-–.–-.-..
a, tlylmmmr, et. d.

T’hc WIlucof t dckrmincd in [hc present work Is -S0%
Inqp dmrr llSC and Ihc vrduc or U is rnorc Ihan Iwkc u

large, These discrcpanci4’s nrc omsidc Ihc cmr cstimnles
which I bclicvc apply M theulustcrcalculalimt II Is imcr.
mling III mtic hit M IWOrqqm~hcs cm 1PMu agroc-
rncnl rrgunling Ihc rc4hMx41pmrnclcr ( uq ) T’TIIs
charumrims Iitc mrng[h of tmtclillions m I uhhardmmh

Cis(whereutl~~u-v). ‘fllisquantityis- I3 in tic
presentwork and =-10wilh lhe LDF bcscd pamrncler SCL

Both calcukf.icmsagree Lhstthe premt malcriais fall in
Ihc inlcrmdiam 10 WOng coupling regime.

The most imerestingdifkrcnce in ~lc 3, however, M
lhal the presentcalcuiadons find a significant comribution
from IIM m-neighbor repulsti V. lhc ~nl vab,
V-2,5cV, isabout2/3 of IJw3,&V Cxpckd from classicai
rl~XWOSMtiCS.By COll~ lhe LDF tasc-dhXiCS suggest
V is compk@y mmnxl away. ‘ThePtigin of IJIcscdiffcf-
cmes is unclear,but we note tit Ihe smi+mpincal pa-
ramacm which have evolved in quantum chernis~ over
W yeas generally uw a value fm V which is mme siti-
ablc fnxtion of theclassicalvahw From his pcmpcctivc
then,a value of 2.SeV isquile reasonable,and tic abscncc
of a significant V in k materialswould be a surprising
rcsull rcquinng cxplanadono

7.0 Concluslofm

Thelow-lying ciccwic SLSWof h CqQ and CU201I
clusterscompumd witi ab initio SCFN21ic.chniqucsarc
WCIIdcsrib-xf bys single-bandPPP model, Exwnsiorrsof
Lhismodel 10irdude lcmnsignorodin lhe ZtK) approxi.
mation are found to h small. ‘T?Minteresting occupation
dcpcndm hopping term At studial by Hirsch, eI. al, is
found to ix -10% of IJWdirect hopping mati clcmen~
and apparently too small 10bs signilkanl in he prescnl
materials,The effective direct Cu41r exchange crm Is of
Urcsameordw of magnihtde ss IIM suprcxchangc Icnn,
M of qqmsic sign, llds Implies MI onc should not CX.
pm a single vak of U-V to reprodwe bcnhIho ofxical
gap and k anti-fcmornagnclicexchange imcraclion J,

llw dirat sb Initlo canpu’alien of J is in only fair agree.
menl wilh cx~rimcmt (80-~ rMV cunpulod vs I 20.130
nMV mawruf), II is suggcslsdthM Uds Is dm 10an over.
cs[ima~ of M Hubbard U by -2N In h sb initio calcu-
Iruion;of this, s~roximalcly IcV is bcllcvcd h) h
rccovorabk by improvcmcrnsIn lhccnw?kclrmr basisSCI,
wilh another lcV arising frum Irmgmngc Krwning efhls
nti movcrubk in a cluslcr O( thissh,

llw prcscnlwork is in basicagrmncn with Uw i.DF
Imcd schcmcsin IIUII h paramclcr

\

~“”-”

which chnnw-
krlm the sucngthof h corTclaIiaIs ~sv}lrd~hmdmodel

Is hr Ihc Intcmcdlsle IO slrong coupllng rcglmc, .llc Iwo
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apprcdws differ impomuly, Imwever, in lhrstdre presem
work finds V-lJ/S. ‘flw cluslcrresuhsLhusindicate that
cbrgc fluctuationsmay play a Iarga role in Ihese malti-
als than generally believed.

One of themore irwesting rcsuksof lhis researchis dmI
we find tit when an additional hok isdoped ho I.IWhalf-
filkd band M dominant correlationsamong IIW Cu3d and
02p eMrons maniftm Ihcmselvesin broken-symmcuy
SCF solulkms in which tic additionalhole Imali=s on
one side of W cluster.llre umtkncy 10form this“ekc-
uonic piaron” is ultirnaIely asaxiaud wilh LhePrcsen=
of he highly polarimble Omang the effective intemc-
tionsMwe4m he two Cu silescThe pertinentcwgy
scalesare tie magniludeof he polarizati energy gained
by screeninga Iodixcd hok versustheeffective bandwith
( h kinetic energy coat paid fcslocalization). In mokcu-
Iar systems,broken symmcuy hole-slamsare common in
systemswiti weak dwoughkml interactionsmediamdby
a @arizable connectinggroup. In mostcases,this mani-
fcsls ilself in a strongorwsileelatromphonon ime=tion
and significantvibronic coupling TIIis strongpolarization
future of b ckt~onic slructureof I+CI104 is shared
widr BaB@, and it Lsquilcr~bk toexpcct Ibis to tm
a daninanl lheme in hat malerialas well.
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